The circumstellar medium around massive stars is strongly impacted by stellar winds, radiation, and explosions. We use numerical simulations of these interactions to constrain the current properties and evolutionary history of various stars by comparison with observed circumstellar structures. Two-and three-dimensional simulations of bow shocks around red supergiant stars have shown that Betelgeuse has probably only recently evolved from a blue supergiant to a red supergiant, and hence its bow shock is very young and has not yet reached a steady state. We have also for the first time investigated the magnetohydrodynamics of the photoionised H II region around the nearby runaway O star ζ Oph. Finally, we have calculated a grid of models of bow shocks around main sequence and evolved massive stars that has general application to many observed bow shocks, and which forms the basis of future work to model the explosions of these stars into their pre-shaped circumstellar medium.
Introduction
Massive stars are the main drivers of the evolution of the gaseous component of galaxies. They emit huge quantities of far-ultraviolet photons that ionise and heat surrounding gas; their strong winds drive shocks and gas flows; and their final explosions as supernovae or gamma-ray bursts generate powerful blastwaves that eject chemically enriched matter into the interstellar medium (ISM). They evolve from a hot main sequence star to a more extended red supergiant (RSG) or blue supergiant (BSG), and sometimes to more exotic Wolf-Rayet or Luminous Blue Variable phases 1 . These changes induce strong variations in stellar wind properties, luminosity, and temperature, profoundly affecting the star's circumstellar medium (CSM) interaction and leading to a highly structured CSM by the time the star ends its life 2 .
Massive stars are born in groups and star clusters, but a large fraction of them are ejected from their birth sites either by dynamical interactions with other stars inside the cluster, or by the disruption of a binary system when one of its components explodes. These stars, known as runaways or exiles, move through the ISM supersonically and this modifies the otherwise spherical CSM to a roughly axisymmetric solution with an upstream bow shock and a downstream wake 3 . These structures have been observed for a number of runaway stars 4, 5, 6 in both our Galaxy and the Magellanic Clouds. Examples are shown for the RSG Betelgeuse in Fig. (1) , for the nearby main sequence star ζ Oph in Fig. (4) , and for the interaction of Supernova 1987A with its pre-shaped CSM in Fig. (7) .
Our research group has worked since the 1990s to develop a comprehensive understanding of the interaction between massive stars and the various environments in which they form. Our current project has focussed on how relative motion between the star and its surroundings affects the star-CSM-ISM evolution, investigating the differences between these models and previously calculated stationary star models. We are also beginning to address the interaction of the star's supernova explosion with this structured CSM, to see what observational consequences this will have. In this report we highlight the main results obtained in the past two years. 9 . Betelgeuse itself is the over-exposed central object; the elliptical feature surrounding it in the IRAS image is an artefact. North is up, East is to the left, and the star is moving in a North-Easterly direction. fig. 12 , Mohamed et al. 9 ) for a star moving with 32 km s −1 (above) and 72 km s −1 (below), viewed edge-on (left), at 30 • inclination (centre), and at 60 • inclination (right). Hydrogen column density is plotted on a logarithmic scale.
The Bow Shock Around the Nearby Red Supergiant Betelgeuse
Betelgeuse is one of the two nearest RSGs to Earth, and is the brightest star in the constellation Orion, "The Hunter". It is also a well-known runaway star, and emits a powerful stellar wind that (because of the star's supersonic motion) generates a cometary shaped bow shock at its interface with the surrounding ISM 4 (see Fig. 1 ). Its CSM has a number of unexplained features that we aimed to investigate: (1) The bow shock appears very smooth compared to numerical predictions 8, 9, 10 ; (2) it is close to circular 8 , in contrast to predictions 3 ; and (3) there is a mysterious bar-shaped structure perpendicular to the star's direction of motion, at a larger radius than the bow shock 4 .
In Mohamed, Mackey, & Langer 9 we performed the first three-dimensional (3D) hydrodynamic simulations of the formation and evolution of Betelgeuse's bow shock, using a modified version of the hydrodynamics code GADGET-2 11 . We simulated RSGs moving at velocities ranging from 28 to 73 km s −1 through a uniform ISM. Results from two simulations are shown in Fig. (2) , showing bow shocks at two different velocities from three viewing angles.
These ground-breaking simulations highlighted areas of significant agreement and disagreement with observations of Betelgeuse. The bow shock appeared more smooth and layered for higher velocity stars, in closer agreement with observations. We calculated the bow shock mass from AKARI observations 8 and found a surprisingly low value (≈ 3 × 10 −3 M ) compared to the simulated bow shocks that are about 30 times more massive in steady state (≈ 0.1 M ). The shape of the simulated bow shock deforms from approximately circular at early times to the predicted cometary shape 3 when it reaches steady state. Furthermore, the bow shock is smoother when it is young because instabilities have a finite growth time. All of these findings support the hypothesis that Betelgeuse has entered the RSG phase only 'recently' (within the last 25 thousand years), and that the young bow shock is still forming and expanding into its surroundings. The low mass of the bow shock was subsequently confirmed by more detailed observations 10 .
Bow Shocks Around Moving Stars as They Evolve
If Betelgeuse has only recently evolved from a BSG to a RSG, some remnants of the bow shock from this previous stage of evolution may still be imprinted in its CSM. The linear bar outside the bow shock in Fig (1) is an obvious candidate, being oriented almost exactly perpendicular to Betelgeuse's direction of motion. To test this possibility, we incorporated an evolving stellar wind module into the radiation-hydrodynamics code PION 13 , and performed two-dimensional (2D) simulations of bow shocks around a moving star as it evolves from a blue to a RSG 12 . The evolving wind properties were obtained directly from a stellar evolution model of a similar-mass star to Betelgeuse.
The results of one of the simulations are plotted in Fig. (3) . Four snapshots are plotted corresponding to: (A) the BSG phase, in which the hot star produces a fast and strong wind that supports a large bow shock; (B) the beginning of the RSG phase where the star begins to emit a slow, dense and powerful wind; (C) the interaction phase where the collapsing BSG bow shock generates a second, inner bow shock around the expanding RSG wind; and (D) the end of the star's life, by which time the two bow shocks have merged.
We identify panel (C) of Fig. (3) with the current evolutionary phase of Betelgeuse and its CSM. In this interpretation, the circular bow shock around Betelgeuse is the interaction of the newly-expanding dense RSG wind with . The star is marked with a cross, and is moving from left to right in the plane of the image. Projected Hα emitted intensity is plotted on the linear colour scale and neutral H column density (N HI ) as contours. The mean column density of the undisturbed grid is subtracted off (to remove grid edge effects), so underdense regions with negative column density are shown with grey contours and overdense regions with green contours. the collapsing bubble of hot gas left by the (now extinguished) BSG wind. The linear bar in Fig. (1) corresponds to the remnant BSG bow shock that is still upstream from the inner bow shock (but see also Ref. 10). The inner bow shock's mass, shape, thickness and size are consistent with the observed properties of Betelgeuse's bow shock, in contrast to steady-state models.
H II Regions Around Moving Main Sequence Stars
The nearest example of an H II region around an exiled star is Sh 2-27, powered by the main sequence O star ζ Oph. The left-hand panel of Fig. (4) shows the Hα image of this H II region from the Southern Hα Sky Survey Atlas (SHASSA) 15 . The right-hand panel shows a spectacular infrared image of the bow shock around ζ Oph, on a much smaller scale. In Gvaramadze, Langer & Mackey 16 we showed that the relative sizes of the H II region and bow shock could be used to constrain the mass-loss rate of ζ Oph. Figure 6 . Grid of models for stellar wind bow shocks from the RSG phase of a 10 M (left panels) and 20 M (right panels) initial mass stars according to their space velocity with respect to the ISM, with 20 (top panels), 40 (middle panels), and 70 km s −1 (bottom panels). Keys denote the initial mass of the central star, the space velocity and the time from the zero age main-sequence, respectively. Gas number density is shown with a range from 0.1 to 30.0 cm −3 . Solid black contours trace the boundary between wind and ISM material. The x-axis is the radial direction and the y-axis the direction of stellar motion (both in pc).
In Mackey, Langer & Gvaramadze 14 we used the PION code to make the first 3D radiation-magnetohydrodynamics simulations of a star similar to ζ Oph moving through the ISM with a velocity of 26.5 km s −1 . Synthetic observations through the simulations are shown in Fig. (5) , where we plot the Hα emission from ionised gas (units: 10 −16 erg cm −2 s −1 arcsec −2 ) and neutral hydrogen column density contours (with spacing ∆N HI = 0.5 × 10 20 cm −2 ). We found that the H II region generates a dense expanding shell expanding from its lateral surfaces, leaving a conical shell (with a large momentum) enclosing an underdense wake trailing behind it. This shell should be observable in neutral hydrogen emission at 21 cm, although its properties are quite sensitive to the interstellar magnetic field. The ionisation front in the upstream direction is also unstable, and may be more stable for the magnetised case than for the hydrodynamic case.
Evolution and Explosion of Massive Stars in Their Environment
We are using the magnetohydrodynamics code PLUTO 17 to simulate bow shocks around massive stars moving through the ISM for their full evolution. Nine systems have been simulated, representing the complete stellar evolution of three stars (with masses 10, 20, and 40 M ) moving with three different velocities through the ISM. We included thermal conduction by hot electrons as well as heating and cooling physics appropriate for the different stellar evolutionary phases. A paper based on our results is now at an advanced stage of preparation (Meyer et al., 2013 ). Fig. 6 shows six of these simulations for the RSG stage of evolution. The gas density field is plotted for the 10 and 20 M stars at three different velocities, increasing from top to bottom. The stability of the bow shocks is broadly consistent with other works, and we are investigating the radiative emission from these bow shocks to compare to observations such as those of Betelgeuse.
We also calculate the CSM evolution up to the pre-supernova stage when the star is just about to explode. This structured CSM then provides the initial conditions for our next project, to explode supernovae from the centre of the simulation and study the emission properties of the blast wave as it ploughs through the RSG wind and bow shock and on into the undisturbed ISM. Following an established method 18 , we first model the one-dimensional spherically-symmetric explosion of a supernova into a dense stellar wind. This is then mapped onto the centre of the 2D CSM grid and the blast wave expansion is followed to much larger radii. An example of the pre-supernova bow shock and the subsequent supernova-CSM interaction is shown in Fig. (7) , right-hand panel. The blast wave is already distorted by the asymmetric CSM, and this should have observable consequences.
Concluding Remarks
The interaction of massive stars with their surroundings is an incredibly rich subject, where a combination of the different stellar masses (with associated variations in evolution), different interstellar environments, and different stellar space velocities, produces a huge diversity of circumstellar structures. Many of the closest such structures, such as the CSM of Betelgeuse and ζ Oph, have been observed in great detail with modern observatories, and yet we still do not have a definitive understanding of these objects. The use of large supercomputers such as JUROPA has enabled us to make models with sufficient detail that we are now beginning to make quantitative comparisons to circumstellar structures, for both nearby stars and those in other galaxies. This is significantly increasing our understanding of the physical processes involved and of the properties of the massive stars themselves, including some of the brightest and best known stars in the sky.
